MicroED (micro electron diffraction) is an emerging technique to use cryo-2 electron microscope to study the crystal structure of macromolecule from its micro-3 /nano-crystals, which are not suitable for conventional X-ray crystallography. However, 4 this technique has been prevented for its wide application by the limited availability of 5 producing good micro-/nano-crystals and the inappropriate transfer of crystals. Here, we 6 developed a complete workflow to prepare suitable crystals efficiently for MicroED 7 experiment. This workflow includes in situ on-grid crystallization, single-side blotting, 8 cryo-focus ion beam (cryo-FIB) fabrication, and cryo-electron diffraction of crystal cryo-9 lamella. This workflow enables us to apply MicroED to study many small 10 macromolecular crystals with the size of 2 ~ 10 µm, which is too large for MicroED but 11 quite small for conventional X-ray crystallography. We have applied this method to solve 12 2.5 Å crystal structure of lysozyme from its micro-crystal within the size of 10×10×10 13 μm 3 . Our work will greatly expand the availability space of crystals suitable for MicroED 14 and fill up the gap between MicroED and X-ray crystallography. 15 KEYWORDS 16 Cryo-electron microscopy; Cryo focused ion beam; Electron Diffraction; In situ 17 crystallization; Micro-crystal. 18 19 20 2 et al., 1960; Perutz et al., 1960a; Perutz et al., 1960b) by X-ray crystallography, opening 3 the era of structural biology. Till now, there have been hundreds of thousands of bio-4 macromolecular structures that were determined by X-ray crystallography. The size of 5 bio-macromolecular crystal should be large enough to gain efficient signal-noise ratio 6 (SNR) of diffractions. For the home source of X-ray generated from rotating anode, the 7 size of crystal needs to be larger than 200 µm normally (Mizohata et al., 2018). While 8 the emerge of synchrotron radiation allows a brilliant and coherent source of X-ray, 9 which can increase SNR of diffractions especially at the high resolution region, thus 10 even a smaller crystal (ca. 50 ~ 200 µm) still generate significant diffractions for 11 structure determination (Mizohata et al., 2018). The emerge of the micro-focus beamline 12 based on the third-generation synchrotron source has yield micro-crystallography, which 13 made high-resolution data collection from very small crystals (ca. 10 ~ 50 µm) possible 14 (Smith et al., 2012). The widespread use of synchrotron radiation has accelerated the 15 development of X-ray crystallography and structural biology.
INTRODUCTION
In 1960, the crystal structures of myoglobin and hemoglobin were solved (Kendrew solve many important and difficult crystal structures, including the human Angiotensin II When the thickness of the crystal is over beyond the mean free path of electron, multi-10 scattering events will become significant and then the diffraction pattern will become 11 difficult to explain. As a result, for a success of MicroED experiment, nanocrystals not 12 microcrystals are actually needed.
13
The emergence of MicroED has provided an alternative solution to X-ray 14 crystallography and it is possible to solve the crystal structure of bio-macromolecule The recent emergence of cryo focused ion beam (cryo-FIB) technique (Marko et al., 1 2006) provides a solution to prepare suitable size of crystal for MicroED experiment. Here, based on our D-cryo-FIB technique, we report a workflow of in situ protein 8 crystallization and fabrication for subsequent successful MicroED experiment. We grew 9 protein crystals on grids directly to reduce the possibility of crystal missing during 10 sample transfer. The grids were blotted from back side to alleviate the crystal damage 11 due to blot force. Then the crystals frozen on the grid were selected and milled into a 12 thin lamella by cryo-FIB. The cryo-lamella was then used to collect electron diffraction 13 dataset for structure determination. We show here that we successfully solved the 14 crystal structure of lysozyme at 2.5 Å resolution by using seven micro lysozyme crystals 15 within the size of 10×10×10 μm 3 . 
MATERIALS AND METHODS

18
In situ crystallization and cryo-vitrification 19 Lysozyme was purchased by Sangon Biotech Company. A 200 mg/ml solution of 20 lysozyme was prepared in 50 mM sodium acetate pH 4.5. A grow-discharge treated 21 nonmagnetic nickel grid with holy carbon film was placed facing up on a micro-bridge, 22 and the protein was mixed 1:1 with the precipitant solution (0.35 M sodium chloride; 15% 23 PEG5000MME; 50 mM sodium acetate pH 4.5) on the grid. Then the crystals were 24 grown by the sitting drop vapor diffusion method ( Fig. 1) . 25 After the crystals formed, the grid was washed four times by washing buffer (0.35 M 26 sodium chloride; 5% PEG200; 50 mM sodium acetate pH 4.5) before cryo-vitrification.
27
Then the grid was blotted 6 s from the backside where no crystals grew on, and plunged into liquid ethane using the Leica EMGP. The frozen grids were transferred and stored 1 in liquid nitrogen for the subsequent experiments. Then, at the exposure mode in SerialEM, the spot size and the illumination area 6 were adjusted to yield a very low electron dose of 0.07 e -/Å 2 /s for the diffraction 7 experiment. To measure the electron dose accurately, the microscope should be in 8 image mode and high magnification so that the electron beam can spread over the 9 entire screen. Eventually, in our experiment setup, the spot size was selected as 9 and 10 the excitation level of C2 lens was kept at 45.3000%. After the electron dose was 11 determined, the microscope was switched to diffraction mode. The nominal camera 12 length was set to 1.35 m that was calibrated to 2.22 m by measuring the diffraction 13 pattern of gold crystal. The excitation level of objective lens was set and kept at cryo-FIB fabricated crystals. For each crystal, the total electron dose was kept below 9 1 e -/Å 2 /s. 3 We first exacted the dark background from every raw diffraction image and then 4 summed every five frames to the final one with an "expected" oscillation angle width of 5 1°. The program developed in Tamir Gonen's lab for converting TVIPS camera image to 6 the SMV format (http://cryoem.janelia.org/pages/MicroED) was slightly modified based 7 on our microscope and camera system, and then used to convert our datasets from 8 TIFF format to SMV format.
2
Processing of electron diffraction datasets
9
Then the converted diffraction datasets were processed (index and integration) by 10 iMOSFLM 7.2.1 (Battye et al., 2011) . Different with processing X-ray crystallography 11 datasets, a wide rotation angle range was used for a successful index because the 1 To set up a workflow from in situ protein crystallization, cryo-vitrification, and cryo-2 FIB fabrication to the subsequent cryo-electron diffraction data collection, we selected 3 lysozyme as the testing sample since it is well characterized and was previously used 1A and 1B) was used in the present study. The sitting crystallization 14 drop was directly added to the surface of a grow-discharge treated grid that is supported 15 by a clean plastic micro-bridge (Fig. 1C) . This experimental setup allows the crystals to 16 grow on the carbon surface of the grid.
RESULTS AND DISCUSSIONS
17
Different metal grids were screened to select the most suitable one for in situ 18 crystallization. For the copper grids, we found the copper is chemically reactive in 19 crystallization buffer and the dissolved copper ion could denature the protein and affect 20 the quality of the crystal severely (see the green colored crystal in Fig. 2A) , which was 21 subsequently proved by X-ray diffraction experiments (data not shown here). Then the 22 titanium ( Fig. 2B) , molybdenum ( Fig. 2C) and nonmagnetic nickel grids (Fig. 2D) were 23 tested. All these three grids could allow crystal grow on the carbon surface. Since these 24 grids are stainless with good chemical inertia, there were no chemical effects observed 25 to decrease the crystal quality. Considering the cost and availability, we selected the D-
The crystallization drop contains 15% PEG5000MME that has a high viscosity and 1 is difficult to blot to get a thin layer during cryo-vitrification process. To overcome this 2 difficulty, we used the washing buffer that contains 5% PEG200 instead of 15% 3 PEG5000MME to wash the grid before blotting, which helped to get a thin ice layer on 4 the grid after freezing. To optimize the washing buffer that does not affect the quality of 5 the crystals, we used to pick out some crystals and transfer them to the washing buffer 6 and observed under light microscope. There should be no obvious dissolving 7 phenomenon appeared within one hour. After washing, the grid was blotted for 6 8 seconds from backside using Leica EMGP and then fast frozen in liquid ethane. The 9 backside blotting is also important to prevent potential crystal loss and damage.
10
The vitrified D-shaped grid was transferred into the chamber of FIB/SEM by keeping 11 the direction of the straight edge perpendicular to FIB (Zhang et al., 2016) . The crystals
The final merged and scaled intensity data can be directly used for molecular 1 replacement with a single significant solution. The calculated electron potential map 2 based on electron scattering factor and the refined structural model shows a clear 3 envelope of the molecule in the crystal (Fig. 4A) . The resolution and quality of the map 4 can further be reflected by the unambiguity of residue assignment in Fig. 4B . The final 5 structure was refined to 2.5 Å with R work of 35.9% and R free of 40.0% ( Table 1) . Again, 6 we believe that the relative high R value is due to the inaccuracy of reciprocal spot 7 intensity measurement. Considering the current resolution of 2.5 Å, we did not intend to 8 assign water molecule in the map.
9
Overall, in the present study, we developed a new approach to efficiently prepare MicroED and X-ray crystallography.
19
In the future, we will further systematically investigate the influence of the thickness 20 of crystal cryo-lamella for the MicroED data quality, and study whether the current and We would like to thank Ping Shan and Ruigang Sui (F.S. lab) for their assistances.
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